must be induced by ecdysone at the end of prepupal development that determine the stage specificity of salivary gland cell death. The E93 early gene is an ideal region defined by Df(3R)93F
X2
, which removes E93. candidate for fulfilling this function. E93 is induced as These mutations define 11 lethal complementation groups. Two of these complementation groups display pupal a primary reponse to ecdysone in a stage-and tissuelethal phenotypes, while the other nine result in lethality specific manner (Baehrecke and Thummel, 1995). E93 at earlier stages in development. One of the pupal lethal transcription increases immediately prior to larval midcomplementation groups, represented by three alleles, gut and salivary gland cell death and is coordinately dies late during metamorphosis with defects that are induced with rpr and hid (Baehrecke and Thummel, restricted to developing adult structures. The second 1995; Jiang et al., 1997). This correlation suggests that pupal lethal complementation group, also represented E93 may contribute to the stage specificity of larval by three alleles, dies earlier during pupal development. tissue cell death.
Because this lethal phase corresponds to the earliest Here we define E93 as a critical regulator of the approexpression of E93, we subjected these mutants to more priate spatial and temporal patterns of steroid-triggered detailed phenotypic and molecular characterization. The programmed cell death during Drosophila metamorpho-3.6 kb E93 open reading frame, as well as intron/exon sis. We show that E93 mutant salivary glands fail to die boundaries, were sequenced from genomic DNA isoand that expression of E93 is sufficient to restore this lated from each of the three mutant alleles as well as cell death response. E93 encodes a novel nuclear prothe parental strain used for mutagenesis. The E93 1 allele tein that is expressed in doomed larval cells foreshadhas a T-to-A transition at nucleotide 3374 that changes owing steroid-induced cell death and binds to specific a leucine at position 994 to a stop codon. eyes and wings ( Figure 2F ). This defect in salivary gland death is completely penetrant in all three E93 mutant alleles (n Ͼ 500). Furthermore, mutant salivary glands can be detected for days after they would normally be destroyed. In addition to the salivary gland defect, E93 mutants display defects in larval midgut destruction 
, 1994). In addition, E93
The chromosomes were then stained with affinity-puriis restricted to the nucleus, suggesting that it might fied E93 antibodies, and these patterns were compared regulate gene expression.
with the original set of photographs to allow accurate mapping of the bound sites. E93 clearly bound to the E93 Binds to Chromosome Sites Containing polytene chromosomes in a reproducible and site-speEcdysone-Regulated Genes and Programmed cific manner and was consistently detected at 65 chroCell Death Genes mosome sites ( Figure 5 ; Table 1 ), many of which contain The nuclear localization of E93 in larval salivary glands provided an opportunity to determine if E93 binds to ecdysone-regulated genes or programmed cell death instar larval and prepupal salivary glands are not altered in salivary glands at these developmental stages (data not shown). The cell death genes rpr, hid, crq, ark, and dronc are transcribed at reduced levels in E93 mutant salivary glands 12-24 hr following puparium formation genes. Among these sites are the 74EF and 75B early ( Figure 6 ). These observations indicate that E93 funcpuffs, which contain the E74 and E75 ecdysone-inductions as a key regulator by specifying the steroid activaible genes, as well as the 93F puff, which contains E93. tion of cell death genes. In addition, 1B, 21C, 59F, and 99B are bound by E93 and contain the programmed cell death genes dredd, crq, dcp-1, and drICE, respectively. The 2B5 early puff, Expression of E93 Is Sufficient to Induce containing the BR-C ecdysone-inducible gene, and Programmed Cell Death 75CD, containing ␤FTZ-F1 and the programmed cell
The expression of E93 protein in dying cells, combined death genes rpr, hid, and grim, were not bound by E93.
with the defects in E93 mutant salivary gland cell death These data indicate that E93 may directly regulate the and transcription of apoptosis genes, indicates that E93 genes in bound chromosome loci and may either encode is a key determinant of steroid-induced programmed a site-specific DNA binding protein or a chromatin-assocell death. Therefore, we tested if expression of E93 is ciated protein that functions as a transcriptional regusufficient to kill wing imaginal disc cells that have a welllator. defined response to ecdysone during metamorphosis. We initiated this experiment by crossing UAS-E93 transTranscription of Steroid-Regulated and Programmed formant flies with Drosophila strains that express GAL4 Cell Death Genes Is Reduced or Absent in wing imaginal discs (vg-GAL4). All progeny that posin E93 Mutants sess both UAS-E93 and vg-GAL4 die at the start of pupal The observations that E93 is essential for salivary gland development (n ϭ 1000). This lethal phase, combined cell death and that E93 protein binds to specific sites with the wealth of information about ecdysone-triggered in the salivary gland polytene chromosomes suggest wing development (Fristrom and Fristrom, 1993) led us that E93 may regulate the transcription of target genes to detailed characterization of E93-induced cell death that function in steroid-triggered programmed cell death.
in vg-GAL4 UAS-E93 animals. Control (UAS-E93 alone If this hypothesis is true, then E93 mutations should or vg-GAL4 alone) wing-thoracic imaginal discs disimpact the transcription of genes that reside in salivary sected 2 hr following puparium formation exhibit little gland chromosome loci bound by E93. Salivary glands cell death ( Figure 7A ), consistent with previous reports were dissected from staged late third instar larvae, pre-(Milan et al., 1997). E93-expressing wing-thoracic imagipupae, and pupae of control and mutant animals. Total nal discs, by contrast, exhibit extensive cell death in RNA extracted from these tissues was analyzed by the wing blade and hinge regions at this developmental Northern blot hybridization. E93 mutations had little or stage ( Figure 7B ). This pattern of cell death mimics the no effect on the timing and levels of BR-C, E74, and pattern of GAL4 expression in this vg-GAL4 strain of E75A transcription in the salivary glands of late third Drosophila, as determined by crossing vg-GAL4 flies instar larvae and early prepupae (Figure 6 ). However, with a UAS-lacZ reporter and detecting ␤-galactosidase the level of expression of each of these regulatory genes activity (data not shown). Animals expressing E93 under was significantly reduced or absent in salivary glands the control of vg-GAL4 die soon after head eversion 10-24 hr following puparium formation (Figure 6 ). Alduring metamorphosis and exhibit defects in the prethough the smaller E74B transcript is induced, the larger sumptive adult notum and wing (data not shown). We E74A RNA is not detected following the prepupal pulse of ecdysone. The levels of EcR expression in late third examined these animals further by characterizing the morphology of wing imaginal discs prior to the lethal phase but after the induction of ectopic cell death. While control wing-thoracic imaginal discs dissected from animals 4 hr following puparium formation have clearly progressed in elongation of the wing (Figure 7C ), E93-expressing animals of the same age possess defective wing-thoracic imaginal discs that do not properly elongate ( Figure 7D ). These data demonstrate that expression of E93 is sufficient to induce programmed cell death. Figure 4) . Similarly, E93 protein ical fate of those target tissues, directing the massive expression in the salivary gland parallels that of its programmed cell death of the larval salivary glands durmRNA, immediately preceding cell death. E93 mutants ing metamorphosis. We also provide evidence that E93 die as pupae with persistent salivary glands, and this acts both directly and indirectly to regulate the transcripsalivary gland cell death defect can be rescued by E93 tion of key effector genes that drive the cell death reexpression from a transgene (Figures 2 and 3) . Moresponse.
over, ectopic E93 expression is sufficient to direct a death response (Figure 7) . Thus, the ecdysone induction E93 Is a Stage-Specific Regulator of E93 defines the fate of that tissue, directing its immeof Steroid-Triggered Cell Death diate and massive destruction through programmed cell Initial studies of the ecdysone-triggered gene cascades death. E93 regulation therefore provides a molecular speculated that early ecdysone-induced regulatory genes mechanism for refining the systemic ecdysone signal might be expressed in a tissue-specific manner, directinto a specific biological response during development. while rpr, hid, and dronc are regulated by the ecdysoneAs expected, ␤FTZ-F1 is expressed at a normal level in induced primary response genes at the transcriptional E93 mutants with a delay due to genetic background level, dronc may also be regulated by a secondary (Figure 6 ). In contrast, E93 is required for ecdysone inmechanism. Future studies of the genetic pathways that duction of the BR-C, E74A, and E75A genes in prepupal mediate steroid-regulated destruction of larval salivary salivary glands (Figure 6 ). E93 mutants do not impact glands will provide further insights into the conserved EcR and E74B transcription ( Figure 6 ) and head eversion molecular mechanisms that underlie cell death during (Figure 2) , indicating that the prepupal pulse of ecdysone development. is normal in these animals. Thus, the effect of E93 mutants on transcription of early genes is not caused by counted. In addition, prepupae expressing E93 in wings (and parenprotein expression. Thus, all studies reported were conducted using tal controls) were dissected at 2 hr intervals following puparium the UAS-E93(1) transformant that contains a homozygous viable formation for analyses of E93-induced cell death and phenotypes. insertion on the X chromosome.
Programmed cell death was detected by acridine orange staining To rescue homozygous E93 mutant salivary gland destruction, following previously described methods (Abrams et al., 1993). fkh-GAL4 transgenic flies that express GAL4 in salivary glands were used to drive expression of the UAS-E93 ( 
